Abstract: Type IV secretion systems (T4SSs) are bacterial multiprotein organelles specialised in the transfer of (nucleo)protein complexes across cell membranes. They are essential for conjugation, bacterial-induced tumour formation in plant cells, as observed in Agrobacterium, toxin secretion, like in Bordetella and Helicobacter, cell-to-cell translocation of virulence factors, and intracellular activity of mammalian pathogens like Legionella. By enabling conjugative DNA delivery, these systems contribute to the spread of antibiotic resistance genes among bacteria. These translocons are made up by 10-15 proteins that are analogous to Vir proteins of Agrobacterium and traverse both membranes and the periplasmic space in between in Gram-negative bacteria. Their secretion substrates range from single-stranded DNA / protein complexes to multicomponent toxins and they are assisted by integral inner-membrane coupling factors, the multimeric type-IV coupling proteins (T4CPs), to connect the macromolecular complexes to be transferred with the secretory conduit. To do so, these T4CPs may be required to localise close to the secretion machinery within the donor cell. The T4CP structural prototype is the hexameric protein TrwB of Escherichia coli conjugative plasmid R388, closely related to Agrobacterium VirD4 protein. It is responsible for coupling the relaxosome with the DNA transport apparatus during cell mating. T4CP family members are related to SpoIIIE/FtsK proteins, essential for DNA pumping during sporulation and cell division. These features suggest possible mechanisms for conjugal T4CP function: as a simple coupler between two molecular machines, as a rotating device to pump DNA through the type-IV transport pore, or as a DNA injector, whereby its central channel would function as part of the transport pore.
Bacteria are not solely dependent on their internal milieu to accomplish their living strategies. They often secrete enzymes and other macromolecules to the external medium in order to readapt it according to their own requirements. Secretion machineries spanning the cell membrane(s) are responsible for macromolecular transport. These systems can be classified into five types (I to V) and share the presence of proteins using nucleosyl triphosphate (NTP) hydrolysis as a transport driving force, except for the autotransporter system, which does not depend on NTP [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Over a dozen distinct families of protein translocating systems, mostly restricted to bacteria, have been characterised and classified [11, 12] . A sophisticated variant of macromolecular secretion is type-IV translocation, through which (nucleo)proteins can be directly injected into prokaryotic and eukaryotic recipient cells. In an extreme version, DNA is translocated to the recipient cell, so that its metabolism is permanently altered. The type-IV pathway encompasses a multiprotein bacterial transmembrane organelle or translocon specialised in the intercellular transfer of a variety of macromolecules. It features a filamentous macromolecular apparatus protruding *Address correspondence to these athors at the Institut de Biologia Molecular de Barcelona, C.S.I.C., c/ Jordi Girona, 18-26, E-08034 Barcelona (Spain); Tel: +3493 400 61 44/49; Fax: +3493 204 59 04; E-mail: xgrcri@ibmb.csic.es and mcccri@ibmb.csic.es. from the bacterial envelope. T4SSs can be controlled by transcriptional repressor systems, like KorA/KorB, which regulate partitioning genes [13] . It differs from the other four systems in that it is conjugation-related or an "adapted conjugation" system, capable of DNA translocation [11, 14, 15] . The substrates are as diverse as nucleoprotein particles and multicomponent protein associations that cross the bacterial envelope into bacterial, plant and mammalian cells, i.e. even across kingdom boundaries, and into the extracellular space [15] [16] [17] . The engagement of secreted substrates can also occur in the cytoplasm, the inner membrane or the periplasm of the bacterial cell [1] . These translocons typically consist of 10-15 proteins, encoded by a single gene cluster, and they form two major structural components: an extracellular filamentous surface appendage or sex pilus, for initiating physical contact between the donor and recipient cells [18] , and a membrane-associated protein complex that translocates substrates across the membranes involved [19] . It is still a matter of debate whether the pilus belongs to the conjugative pore or merely brings cells together. Since the pilus is not present in Gram-positive bacteria, it does not seem to be indispensable.
This pathway is involved in bacterial conjugation, a contact-dependent process often induced by extracellular or growth-phase dependent signals [20] [21] [22] [23] . It is mediated by conjugative plasmids or transposons that transfer DNA unidirectionally from a donor to a recipient cell across the donor cell envelope, rendering a recipient that may become a potential donor ( Fig. (1a) ; [21, 24] ). It is a means for rapid evolution, by which bacterial populations adapt to a changing environment, e.g. acquisition of resistance to antibiotics. It is also a broadly applicable tool to shuttle genes between different species and even for trans-kingdom gene transfer [25] [26] [27] [28] [29] [30] . Conjugative DNA transfer depends on genes contained in the plasmid transfer (tra) region, further divisible into dtr (from DNA transfer and replication) and mpf (from mating-pair formation; [26] ). Dtr proteins process conjugative DNA through formation of the relaxosome, a nucleoprotein complex. This implies sequence-specific recognition of a cis-acting DNA sequence called origin of transfer (oriT) and a DNA site-and strand-specific cleavage by specialised nicking enzymes, or relaxases, that hydrolyse a single phosphodiester bond and attach covalently to the newly created 5' terminus. This process is followed by a strand displacement reaction, which generates a singlestranded (ss) DNA transfer intermediate, the T-strand [21] . A simultaneous rolling-circle DNA replication reaction is observed for replacement of the displaced strand in the donor cell ( Fig. (1a) ; [30] ). The relaxosome is attached to the transport site facing the cytoplasmic side of the cell envelope [31] and the DNA-transfer channel complex, a T4SS formed by 11-12 plasmid Mpf proteins [26] , transports the T-strand to the recipient cell with 5' to 3' polarity. Conjugative systems, an example is Escherichia coli F sex factor conjugation [32] , may also deliver non-self-transmissible plasmids to recipient cells [25, 33] and translocate DNA even across kingdom barriers, e.g. to Saccharomyces cerevisiae [29] . Furthermore, these systems may shuttle proteins to recipient cells independent of DNA, as shown for RecA protein during the transfer of plasmid RP4 to E. coli recipients [34] .
In the soil phytopathogen Agrobacterium tumefaciens, the type-IV VirB transporter translocates a segment of the tumour-inducing 200-kb Ti plasmid DNA, the T-region, in the form of an ss nucleoprotein T-complex with the covalently attached VirD2 protein from the bacterium to dicotyledonous plant cells. This results in phytohormone overproduction and crown-gall disease in the latter [1, [35] [36] [37] [38] . This translocon has been exploited in plant biotechnology as a shuttle to introduce new genes conferring resistance to herbicides and pathogens in industrial crops [39] . Transfer is mediated by a set of 20 virulence (Vir) proteins encoded by the Ti plasmid, 11 of which assemble as a transporter [20] . The process requires additional protein translocation into the plant cell, so as precise cleavage and cyclisation of pilin-like protein VirB2 [35, 40] . The VirB system also mediates a conjugation-like transfer of suitable plasmids to recipient plant and bacterial cells [25, 37] and of T-DNA to the three major groups of fungi, the molds, the yeasts, and the mushrooms, as shown for S. cerevisiae, Aspergillus niger, Fusarium venenatum, Trichoderma reesei, Colletotrichum gloeosporioides, Neurospora crassa and Agaricus bisporus [15, 21, 41] . A recent report even demonstrated DNA transfer to human cells [42] . A. tumefaciens Ti plasmid codes for a second transfer system responsible for Ti conjugative transfer between bacteria. This process operates through a functionally and physically independent tightlyregulated tra-system, containing tra and trb genes, which are equivalent to dtr and mpf genes, respectively [36] . A third system is featured by avhB encoded proteins, promoting conjugal transfer [43] . Furthermore, a chromosomal tra-like region has been recently identified in an Ti-free A. tumefaciens strain, raising the question of the role of such a chromosomal region during evolution [44] .
Some microbial facultative intracellular pathogens, which withstand bactericidal activities of polymorphonuclear cells, survive within professional phagocytes and multiply inside the phagosome [45] . They live in intracellular vacuoles until the cell lyses and releases bacteria that start new rounds of infection [46] . These pathogens possess a T4SS believed to export macromolecules to the vacuolar membrane or to the cytoplasm of the host cell, which adapt the vacuolar environment to the bacterial needs, allowing intracellular survival and replication [15, 16, 47] . Brucellosis or Malta fever provokes chronic infections and bacteremia in mammals, including humans, and is caused by Brucella suis, abortus and melitensis [17, 48, 49] . Their genomes also encode putative T4SSs consisting of 12 open reading frames (orfs) with homologues of the 11 VirB proteins of A. tumefaciens plamid Ti, with a similar genetic organisation, and a twelfth one, putatively coding for a lipoprotein [17, 48, [50] [51] [52] . This 12-gene operon is specifically induced by phagosome acidification in cells after phagocytosis. A recent report on the genome sequence of typhus-causing Rickettsia prowazekii [53] has revealed seven homologues of VirB proteins of A. tumefaciens, but not of the T-DNA-bound VirD2 and VirE2 proteins. Legionella pneumophila, the cause of Legionnaire's disease, a form of lobar pneumonia [54, 55] , contains four icm/dot genes with significant sequence similarity to A. tumefaciens Vir proteins and those of various conjugal transfer systems [56] . This system is essential for apoptosis induction in human macrophages [57] and for secretion of protein DotA [58] . As reported for the VirB transporter, the icm/dot system transfers E. coli RSF1010 plasmid between bacteria, probably as a nucleoprotein complex [33, 59, 60] . Like A. tumefaciens, L. pneumophila encodes a second type-IV translocon, not involved in pathogenesis, containing 11 lvh genes arranged similarly to the icm/dot genes. This apparatus is dispensable for cellular growth and it can replace some components of the icm/dot system to enable RSF1010 conjugation [61] . Most recently, Ehrlichia phagocytophila and chaffeensis, the ethiological agents of granulocytic and monocytic ehrlichioses and causing febrile systemic illness in humans, and Ehrlichia canis, responsible for canine ehrlichioses, have also been shown to harbour a T4SS [47, 62] .
Further bacterial pathogens using T4SSs transfer toxic proteins. These systems may employ the Sec system for protein translocation across the inner membrane and prior to secretion [9, 63, 64] . In Helicobacter pylori , the microorganism responsible for gastritis, peptic ulcer and gastric cancer, a pathogenicity island (cagPAI), acquired by horizontal transfer, is the major determinant of virulence. This island codes for 31 Cag proteins, at least six of which may contribute to a type-IV system, which translocates in an example for direct trans-kingdom protein delivery the 150-kDa CagA antigen into gastric epithelial cells, where it is tyrosine phosphorylated [65, 66] . There, the protein may interfere with the normal host cell signalling inducing pedestal formation, synthesis of proinflammatory cytokines and chemokines, like interleukin 8, cell spreading and motiliy, expression of the protooncogenes c fos and c jun, among other events [16, 67, 68] , in a phenotype referred to as "hummingbird". It occasionally enters epithelial cells and manipulates the host immune system for immune evasion [69] . Like A. tumefaciens, this pathogen possesses a conjugation-like mechanism of DNA transfer [69] [70] [71] [72] . In the closely related Helicobacter hepaticus, three basic components of a T4SS have been found on a genomic island, suggesting the presence of an orthologous system [73] . Yersinia enterocolitica 29930, producing the phage-tail resembling bacteriocin enterolicin harbours a T4SS encoded on a plasmid. It is a conjugative transfer system closely related to the Mpf system of plasmid R6K. However, an orthologue to TaxB of the latter system is missing [74] . Finally, Bordetella pertussis, the causative agent of whooping cough in humans, has coopted a set of conjugal transfer system genes, ptl (from pertussis toxin liberation) [75] . Ptl proteins are highly similar to VirB proteins and direct the export of the A-B-type endotoxic Pertussis toxin, composed of six subunits, across the bacterial envelope and into the medium [21] .
Additional candidate type-IV translocons, or at least some constituents, can be found in pathogenic and nonpathogenic organisms and in reported bacterial genome sequences ( Table 1) .
TRANSFER FACTORS IN CONJUGATIVE TYPE-IV SECRETION
The described type-IV transport systems require, in addition to the apparatus directly responsible for macromolecular trafficking, an aiding transfer factor or coupling protein [76, 77] , when performing conjugation-like nucleoprotein transfer. Such a protein is encountered in all selftransmissible plasmids of Gram-negative bacteria and in many of Gram-positive bacteria [26] . There is strong evidence that these proteins are also required for type-IV mediated protein export, as reported for A. tumefaciens VirE2 and VirF protein export (in addition to the T-strand / VirD2 complex) and H. pylori [14, 16, 21, 35, 78] . On the other hand, type-IV systems responsible for only protein export, like the Bordetella Ptl system, may lack T4CPs.
This class of coupling proteins are integral innermembrane proteins, with an N-terminal transmembrane part and a C-terminal cytoplasmic moiety, that may assemble as components of the cognate type-IV transport machinery or may be required to localise near the transport apparatus [79] [80] [81] [82] [83] [84] [85] [86] [87] . They bear Walker A (motif I) and B (motif II or DExx box) NTP-binding sequences [88] and may use the energy of Rhizobium etli bacterium; N2-fixation [154] Sinorhizobium meliloti bacterium; N2-fixation [14, 15, 17] Shigella flexneri plasmid ColIb P9 bacterium; diarrhoea / dysentery [155] Bartonella henselae and tribocorum bacterium; cat scratch disease, bacteremia [156] [157] [158] [159] [160] Campylobacter jejuni bacterium; bacterial diarrhoea [161, 162] Toxoplasma gondii protozoon; toxoplasmosis (encephalitis) [54] Leishmania donovani protozoon; leishmaniasis [54] Mycobacterium tuberculosis bacterium; tuberculosis [54] Bordetella bronchiseptica bacterium; bronchitis [14, 15, 17] Enterobacter aerogenes bacterium; nosocomial infections [11] Actinobacillus actinomycetemcomitans bacterium; periodontitis [14, 15, 17, 163, 164] Escherichia coli bacterium; diarrhea [11] Caulobacter crescentus bacterium; non-pathogenic [14, 15, 17] Coxiella burnetii bacterium; acute febrile disease, endocarditis, pneumonitis [165, 166] Thiobacillus ferroxidans bacterium; iron oxidation [14, 15, 17] Wolbachia intracellular symbiont of arthropods; sexual alterations in host [167, 168] Ralstonia eutrophantus bacterium; heavy-metal resistance [11, 169] Salmonella typhi, typhimurium and enteriditis bacterium; typhus, salmonellosis [11, 170] Xylella fastidiosa bacterium; citrus variegated chlorosis [11] NTP hydrolysis to connect transmissible (nucleo)protein complexes with the cognate translocation system [24, 67, 76, 82, 84, [89] [90] [91] [92] . Mutational studies have revealed that inactive T4CP mutants affecting NTP binding and/or hydrolysis lead to conjugation-deficient phenotypes [24, 79, 82, 83] . Conjugation inhibition may also occur when T4CPs associate with other proteins, as shown for RP4 TraG when it interacts with FopA of pKM101 and PifC of plasmid F [89] . Studies on chimeric systems comprising the transport apparatus of one species and the T4CP of another reveal that specificity resides on the latter [93, 94] . In some cases, as found for TraD from F, their C-terminal parts affect efficiency and specificity [95] .
TrwB from E. coli plasmid R388, TraD and TraG proteins from various Gram-negative plasmids, VirD4 from A. tumefaciens Ti and related proteins are T4CPs associated with nucleoprotein mobilisation ( Table 2 ). They can be unambiguously aligned using the hidden Markov model method SAM T99 [96] and they are divisible into subfamilies. The first, which includes TrwB and TraD, contains six members of conjugative plasmids. A second subfamily groups a broad set of conjugative plasmids (like TraG of RP4), and the VirD4 protein of Ti plasmids involved in T-DNA transfer to plant cells ( Table 2) . Proteins within a subfamily are >30% identical in amino acid sequence and display the same domain organisation (Fig. (1b) ). In particular, TrwB displays 21-23 % sequence identity to VirD4 of A. tumefaciens Ti [19] and TraG of RP4 and R751, and 28-30% to TraD of F and R100 [84, 85] . The orthologue from plasmid R3888 binds both ss and double stranded (ds) DNA with approximately the same affinity as supercoiled dsDNA. This DNA binding ability is unspecific and independent of NTP binding. TraD from plasmid F, TraG from RP4 and HP0524 from H. pylori have also been reported to bind ss and dsDNA non-specifically [81, 97] . None of these orthologues displayed detectable NTP-hydrolysing activity in vitro under the conditions assayed. TrwB is inserted on the cytoplasmic side of the inner membrane, as described also for TraD and VirD4 [79] [80] [81] 87] . The latter has a unique cellular location to the donor cell pole and both its periplasmic and the cytosolic parts are required for polar localisation, indicating where the associated type-IV secretion system may also be situated [79] . Some of these proteins can be functionally exchanged for each other. Thus, TraG can substitute TrwB in the mobilisation of plasmids ColE1 and RSF1010 by R388, but not in self-transfer of R388 [93] . Evidence has also been found for the interaction partners of T4CPs. TraG from RP4 interacts with the relaxosome relaxase [92, 97] . In plasmid F, TraD contacts an accessory nicking protein, TraM [98] , and in plasmid R27, TraG interacts with the T4SS protein TrhB [99] .
T4CPS AND SPOIIIE / FTSK PROTEINS
T4CPs and members of the SpoIIIE/FtsK protein family share functional and structural features ( Fig. (1b) ; [82, [100] [101] [102] ). SpoIIIE is an essential sporulation membrane-bound protein in Bacillus subtilis, whose cytoplasmic part interacts with the chromosomal DNA to achieve DNA translocation from the mother cell through an annulus to the prespore. It is also responsible for the polarity of DNA transfer [103] . Several orthologues of SpoIIIE have been reported in Bacillus halodurans, Sporosarcina ureae and Streptomyces coelicolor. SpoIIIE displays significant sequence similarity to Tra proteins of several Gram-positive conjugative plasmids of Streptomyces [101] . The annulus may be lined up by a number of SpoIIIE proteins to render a continuous ring, through which the prespore chromosome may translocate [104] . The C-terminal cytoplasmic transfer domain of SpoIIIE shows ATPase activity and the protein can track along DNA in the presence of ATP [100, 102] . The protein behaves as a DNA pump that actively moves one of the replicated pair of chromosomes into the prespore [100] . On the other hand, E. coli FtsK is involved in the resolution of chromosomal dimers during bacterial cell division [105] . It precisely synchronises the separation of the two daughter chromosomes by XerCD recombinase through site-specific recombination [106] . FtsK may also pump newly replicated chromosomes away from the septal space during septation [105] (Fig.  (1b) ) and share extensive sequence similarities, especially around the NTP-binding Walker motifs. This suggests a functional link, as an NTP-dependent pump that transfers nucleoprotein complexes or proteins via type-IV translocons.
THE FOLD AND QUATERNARY STRUCTURE OF A T4CP
The 33-kb plasmid R388 [107] contains genes that code for sulphonamide and trimethoprim resistance [108, 109] . Its mpf region encodes a functional type IV secretion system, featuring 11 trw genes (trwD to trwN). R388 displays a short dtr region made up by oriT, trwA, trwB, and trwC [85, 110] . TrwC acts as a relaxase and helicase. It is responsible for both nick-cleavage at oriT and T-strand unwinding, and its three-dimensional structure in complex with oriT DNA has been solved [111] [112] [113] . TrwA is a small-sized tetrameric protein, which binds two sites at oriT and enhances TrwC relaxase activity, while repressing transcription of the trwABC operon [114] . These two proteins constitute, together with oriT DNA and the host-encoded integration host factor (IHF), the relaxosome of plasmid R388 [85] . IHF has a modulator role in conjugation [115] , as it inhibits TrwC nic cleavage, probably by affecting the topology of the TrwC DNA target site [116] .
The third R388 dtr protein is TrwB, the T4CP of this secretory system [82, 85] . The structure of the cytoplasmic part of TrwB can be divided into an all-α domain and a Fig. (1b) ).
Fig. (1). (a)
Model of the bacterial conjugative process (see also [77] ).
• A donor cell (blue contour) possessing a plasmid contacts a recipient cell (light green contour) lacking this genetic element. Intercellular contact is mediated by the pilus and type-IV secretory proteins of the plasmid mpf region. A mating signal, putatively generated by this contact between the donor pilus and the receptor, apparently leads to a specific interaction between the relaxosome and the T4CP at the inner face of the conjugative pore [32, 92, 97] . The supercoiled dsDNA plasmid interacts via its oriT region with proteins of the plasmid dtr gene locus creating the relaxosome. ‚ The pilus putatively retracts to permit intimate contact between bacterial cell walls. The connecting pore or tunnel is formed as a result of mating-pair stabilisation. ƒ The DNA-strand transferase / helicase or relaxase enzyme of the relaxosome introduces a strand-specific (T-strand) nick at oriT. The relaxosome interacts with the inner-membrane-anchored T4CP. "… Transfer of the T-strand through the tunnel is putatively initiated, and both generated ssDNAs replicate following the rolling circle mechanism (dotted lines). † Once the transfer is finished, the free ends of the plasmids are joined and the pore closes, the acquired surface exclusion disrupts aggregation, and mating bacteria separate. Finally, the identical plasmids supercoil. Both resulting cells are now capable of a subsequent conjugation event. (b) Schematic alignment of some representatives of the T4CP family with their length in amino acids. The first subfamily is exemplified by TrwB (plasmid class IncW) and TraD (IncF). A second subfamily encompasses TraG (IncP) and VirD4 proteins [77] . Finally, a distinct group of proteins is involved in bacterial cell division (exemplified by FtsK of E. coli) and in sporulation of Gram-positive bacteria (related to SpoIIIE of B. subtilis). TrwB and VirD4 subfamilies [93] are more closely related than they are to FtsK/SpoIIIE proteins [101, 208] . Periplasmic transmembrane segments (beige rods) are represented, separating short periplasmic regions (left) from large cytosolic ones (right). These are mainly made up by the NBDs (dark brown) with the A and B walker motifs forming the nucleotide-binding site indicated. The all-α domains (light brown) present in the TrwB and VirD4 subfamilies do not share significant sequence similarity, although they are both inserted into their respective NBDs. (c) Model depicting a possible arrangement of the 11 mpf encoded Trw proteins (TrwD-N) making up the type-IV translocon engaged in T-strand delivery from the donor cell to the recipient cell during conjugation of R388. The arrangement is based on the proposed locations for the homologous VirB proteins [2, 11, 15, 16, 19, 21, 40, 71, 85, 86, 209] .
nucleotide-binding domain (NBD) attached to the inner membrane, while the first seventy N-terminal residues feature two transmembrane helices flanking a small periplasmic region in between ( [2, 117] ; Figs. (1b) and (2a)). The NBD features an α/β P-loop-containing NTP hydrolase core. On the membrane-proximal edge of this central β-sheet, a small three-stranded antiparallel sheet is placed, almost perpendicularly. Its constituting strands are flexible, owing to the absence of interactions with the transmembrane domain preceding strand 1 (excised in the experimental structure; [117, 118] ), which has been tentatively modelled (Fig. (2a) ). At the tip of the NBD, at the membrane-distal part, the smaller, entirely helical all-α domain is positioned.
Six identical protomers shape a spherical particle, flattened at both poles along its vertical axis, of 90 Å in height and 110 Å in diameter (Fig. (2c) ). This is consistent with biochemical data for the native protein migrating as a hexamer in gel filtration column chromatography (our unpublished results). A central channel runs from the cytosolic surface (made up by the upper all-α domains) to the membrane-proximal pole (formed by the NBDs), ending at the transmembrane pore shaped by the transmembrane segments (Figs. (2a, b) ). This channel is limited to a diameter of ∼7-8 Å at its cytoplasmic side. This is the closest point of the channel that, at its membrane end, has an opening of ∼22 Å.
STRUCTURAL SIMILARITIES
The family of AAA proteins, described for eukaryotes, prokaryotes and archaebacteria, includes ATPases associated with a variety of cellular activities that display an NBD with a fold similar to TrwB NBD. It is an essential family of specialised, chaperone-like enzymes that participate in membrane fusion and trafficking, organelle biogenesis, proteolysis and protein folding [119, 120] . It includes the δ' subunit of the clamp loader complex of Escherichia coli DNA polymerase III (Protein Data Bank access code (PDB) 1a5t; [121] ), Nethylmaleimide-sensitive fusion protein domain 2, a cytosolic ATPase required for intracellular vesicle fusion reactions (PDB 1d2n; [122] ), AAA ATPase p97, involved in homotypic membrane fusion (PDB 1e32; [123] ), and ATPdependent protease HsIU-HsIV (PDB 1e94; [124] ).
RNA and DNA helicases are molecular motors involved in DNA metabolism using the energy from NTP hydrolysis for nucleic-acid unwinding or strand separation and translocation [125] . Despite a substantial body of biochemical and structural data, it is only in the past couple of years that this information has unveiled parts of the working mechanism [126] . The helicases that unwind dsDNA at the replication fork are ring-shaped hexamers that catalyse the displacement of the complementary strand [127, 128] . Other proteins known as RNA helicases use the chemical energy of NTP hydrolysis to remodel the interactions of RNA and proteins [129] . The recently reported crystal structures of two toroidal DNA ring helicases, those of the T7 phage gene 4 protein [130] and RepA [131] , suggest a sequential NTPhydrolytic mechanism. E. coli RecA, whose hexameric architecture was first described by electron microscopy studies [132] , is the structural prototype for these enzymes [132] [133] [134] . As a key ATP-dependent exchange factor, it is essential to genetic recombination and repair. Extensive structural studies, including several complexes, have been carried out with monomeric 3'-5' PcrA DNA helicase, a protein that binds both dsDNA, prior to strand separation, and ssDNA, after separation, to avoid annealing [126, 135, 136] . TrwB bears structural similarity within its NBD with the equivalent part of RecA (PDB 2reb) and other RecA-like core encompassing enzymes, such as the replicative helicase/primase of bacteriophage T7 (PDB 1cr0; [127] ), besides to T7 gene 4 ring helicase (PDB 1e0j; [130] ) and PcrA DNA helicase (PDB 2pjr and 3pjr; [136] ). Finally, the recently solved six-clawed grapple-shaped structure of homohexameric H. pylori Cag525/HP0525 traffic ATPase, an inner-membrane associated part of the bacterial type-IV secretion system involved in pathogenic protein CagA export (see above) and the TrwD orthologue in the R388 system [137] , reveals also structural similarity in the NBD core [138] .
Several representatives of the helicase/ATPase-like proteins display, in addition to a NBD, an all-α domain, as shown for RecA, AAA ATPases, PcrA DNA helicase, and the α and β subunits of F 1 -ATPase, among others, although arranged in distinct ways with respect to their NBDs. However, the TrwB all-α domain bears significant structural similarity only to N-terminal domain 1 of the site-specific recombinase, XerD, of the λ integrase family (PDB 1a0p; [139] ). This domain is positioned over the DNA binding region blocking the access to DNA. A large conformational rearrangement is therefore required for target DNA binding. This rearrangement may also occur in TrwB, which would provide a putative working mechanism (see below). XerD site-specific recombination has been associated with FtsK [105] , a protein that shares functional and structural features with TrwB and other T4CPs (see above). XerD works in conjugation with FtsK to resolve the knots formed after replication of the bacterial chromosome. If TrwB AAD was the functional counterpart of XerD it could be involved in DNA binding or some form of processing. A central pore is also shaped by α helices from the constituting subunits in six-clawed grapple-like Cag525. These subunits do not comprise a distinct subdomain, but they are localised on the convex side of the central β-sheet of the NBD [138] .
The TrwB all-α domain displays further topological similarity within a ~40-residue segment encompassing three α-helices with the recently reported solution structure of the 56-residue DNA-binding domain of TraM, a component of the relaxosome encoded by the dtr region of plasmid R1 [140] . This protein enhances relaxase activity and it is capable of binding DNA [141] . TraM specifically interacts with the TrwB orthologue in IncF plasmids, TraD, suggesting that TraM links the relaxosome with the DNA transfer apparatus [98] . Plasmid R388 lacks such a TraM orthologue. Therefore, an appealing hypothesis is that TrwB has imbedded in its structure a DNA-binding domain similar to that of TraM, that may directly recruit the relaxosome.
Nevertheless, on examining the hexameric toroidal quaternary structures of the protein families mentioned (Figs.  (2c-f) ), helicases, AAA ATPases and Cag525 appear more flat-topped than TrwB, with much less interaction surface between the constituting protomers. This is needed in [117] , (d) α 3 β 3 heterohexameric F 1 -ATPase [143] , (e) H. pylori Cag525/HP0525 traffic ATPase [138] , and (f) T7 gene 4 DNA ring helicase [130] . The monomers are shown alternatively in green and yellow. For each particle, axial (left) and lateral (right) views are presented.
helicases to allow interchanging aggregation stages and helicoidal protein-filament formation [126, 127, 142] . The hexameric structure of TrwB, with almost 50% of the surface of a monomer shaping the interface to vicinal protomers almost rules out other oligomerisation states. Most striking structural similarity of the TrwB oligomer is found to both α and β subunits of F 1 -ATPase, part of the membraneassociated F 0 F 1 -ATPase complex responsible for energy conversion through axial rotation movement in mitochondria, chloroplasts, and bacteria (PDB 1bmf; [143] ), suggesting also a link on the functional level (see below). The overall hexamer dimensions and the almost spherical shape are much more reminiscent of the F 1 -ATPase α 3 β 3 heterohexamer. Like TrwB, this protein is a membrane protein.
WORKING HYPOTHESIS FOR CONJUGATIVE T4CPS
The mechanism of action of type-IV secretion has not been experimentally established yet for all its steps. Hereby, we discuss alternative hypothetical functions for TrwB and other T4CPs, that may act as a motor pushing the T-DNA to the transport apparatus, as simple bridging proteins between two macromolecular assemblies, the relaxosome and the type-IV transport machinery, or as true DNA pumps that thread the T-strand through the pore connecting the donor and the recipient cells. This latter function could be part of a "shot and pump" model, following which T4CPs would catalyse active pumping of T-DNA to the recipient once the type-IV secretion system has shuttled a pilot protein, the relaxase and helicase (TrwC in the R388 system, see above), with the covalently bound T-DNA through the pilus appendage to the acceptor cell [77] . In the first and third T4CP functional hypotheses, ATP hydrolysis, probably triggered by interactions with other cellular components, like the relaxosome itself, or with membrane lipids, should be necessary. Furthermore, this hydrolytic activity might be associated with an axial rotating motion to translocate DNA.
The first model portrays TrwB as a rotary machine. The TrwB hexamer displays an exterior surface belt with highly positive charges that may explain the capability of the protein to bind ss and dsDNA non-specifically [82] . Accordingly, ssDNA, after being processed by the nicking enzyme and helicase TrwC, may wrap around a TrwB hexamer (Fig.  (3a) ). The hexamer could behave as a membrane-anchored motor spinning around its vertical axis (following the F 0 F 1 -ATPase analogy). Relaxosome T-DNA would be translocated by TrwB to the mating apparatus and there cross the pore to the recipient cell. Electron microscopy images of elongated aggregates of TrwB molecules and DNA [82] may support this hypothesis, but there is no further evidence for this wrapping model. Mutation studies concerning basic residues of the belt show no functional implications. Therefore, this model is probably the less likely one.
The second hypothesis implies that the coupling protein is not a pump or motor at all. It would behave just as a twosided recognition protein recruiting the relaxosome by contacting its components on one side and the innermembrane part of the type-IV transport machine on another side (Fig. (3b) ). This model does not require an ATPase activity, although a nucleotide-binding-induced molecular switch is reasonable. Furthermore, it would be difficult to explain the presence of a nucleotide-binding site otherwise. No direct ATPase activity has been observed for TrwB∆N70, but this is not a concluding result, since cleavage of the transmembrane part may have hindered the enzyme activity. The completely transfer-deficient K136T mutant of TrwB binds ATP normally, so deficiency must be somehow related with hydrolysis. Moreover, some other components -relaxosome, DNA, etc. -may be required to trigger TrwB functionality.
The structure of H. pylori Cag525 protein [138] , a member of the VirB11/PulE family of ATPases [144] involved in the type-IV secretion system of the latter pathogen, reveals a six-clawed grapple shape mounted on a hexameric ring and it is proposed to be membrane-associated. It has been shown to function as dynamic hexameric assemblies with nucleotide-dependent conformational changes regulating substrate export or T4SS assembly [145] . The membrane-distal surface of the hexamer is formed by a helical bundle at the C-terminus of the RecA-like α/β domain. The six bundles restrict the size of the central pore to ∼10 Å (Fig. (2e) ). An orthologue of this protein is also present in the secretory organelle of plasmid R388 in the form of TrwD [146] . Except for the RecA-like α/β core and the hexameric nature of the protein, the TrwB and Cag525 structures strongly differ. As the latter ATPase may participate in the trafficking of 150-kDa CagA protein to gastric or duodenal epithelial cells during pathogenesis of H. pylori, the authors propose a mechanism of ATP-dependent opening/ closure of the pore following domain rearrangement and subsequent protein export through this pore [138] . If the equivalent TrwD plays such a role in the conjugation system transporting DNA or a protein/DNA complex instead of the CagA toxin, TrwB would probably not have the same function. However, TrwB has a real transmembrane domain, whereas the evidence for TrwD or Cag525 protein crossing the membrane is more circumstantial.
Finally, ssDNA may pass through the central hexamer channel, may be injected through the inner membrane into the periplasmic space and there to the translocon (Fig. (3c) ). By the reasons mentioned before, this is the preferred alternative. Thus, conjugal T4CPs would be behaving as NTP-dependent DNA pumps that transfer the T-strand through a type-IV system during conjugation, in a fashion similar to SpoIIIE/FtsK-like proteins or as has been postulated for RuvB, which is capable of dsDNA translocation [100, 101, 147] . The channel is basically of electronegative nature, but it possesses belts of positively charged (arginine and lysine) amino acids (Fig. (2b) ). Taking into account that the passing DNA would slip smoothly through the channel, an extended electropositive surface would not be adequate. This has been seen in a channel crossing the structure of a reovirus, which is traversed by a RNA molecule [148] , and for the bacteriophage Φ29 connector particle [149, 150] . The side of the TrwB channel facing the inner-membrane has an opening of ∼ 22 Å, compatible with the values of 25-30 Å for RecA-like hexameric helicases, through which ssDNA may pass [151] . Functional T7 gene 4 ring helicase has an even narrower central hole, of ~15 Å [130] . The main objection to this hypothesis is the narrow entrance to the channel (∼7-8 Å). However, constriction here may impose a level of regulation that prevents continuous leakage of the cell contents. On the other hand, the bacterial cell may prevent permeation of the membrane for ions and small molecules through this narrow though open channel. Thus, the channel may be even further constricted at the transmembrane part, remaining impermeable until a certain stimulus triggers the opening, e.g. interaction with the forming relaxosome. This may occur by domain rearrangement, as has been proposed for the structurally similar domain 1 of XerD (see above). Accordingly, a slight motion around the hinge region between the all-α domain and NBD may increase the channel diameter to permit ssDNA threading (Fig. (3c) ).
CONCLUSION
With the present data, it is still difficult to define the precise mechanism of DNA transport during conjugation, but, for the first time, crucial structural data on three of the constituting parts of type-IV secretion systems and their accessory proteins are available (TrwB, Cag525 and TraM). The first two have been found to be toroidal hexamers. Such multimeric ring-shaped structures are associated with distinct activities like proteolysis, folding assistance, migration along nucleic acids, cell-cycle regulation and proton pumping, among others [152] . A toroidal protein oligomerisation is characterised by the presence of a channel or pore traversing the particle and thus connecting two environments that may differ or forming a cavity that harbours the catalytic site(s). When the oligomerisation involves a single or similar protomers, the particle contains several (potential) active sites. Formation of a toroid via oligomerisation has the advantage that construction of a circular structure by multiplication and assembly of equal subunits is simpler and requires less genetic information than the design of one large protein with a central cavity. Moreover, it generates multiple identical binding sites that may allow sequential binding and release of substrates or interacting molecules without dissociation from the ring, as suggested for ring helicases while translocating along nucleic acids. Another advantage is the formation of a topological link with the transport macromolecule, avoiding dissociation and conferring processivity, and thus achieving the speed necessary for manipulation of large macromolecules within the short time frame required for translocation or secretion. Fig. (3) . Working model for TrwB and other T4CPs. The dtr region of E. coli plasmid R388 is just made up of oriT, trwA, trwB, and trwC [85, 110] . TrwC behaves as a relaxase and a helicase and it is responsible for both nick cleavage at oriT and T-strand unwinding before transfer [112, 113] . TrwA is a small, tetrameric protein with a dual role in conjugation [114] . It binds to two sites at oriT and enhances TrwC relaxase activity while repressing transcription of the trwABC operon. Both proteins, TrwA and TrwC, build up the relaxosome in R388, together with oriT DNA and the host-encoded integration host factor [2, 114] . After putative nicking at oriT and DNA unwinding, the relaxosome contacts the coupling protein. (a) Hypothesis suggesting that the T-strand DNA wraps around the particle. Vertical spinning energised by ATP hydrolysis may promote transfer to the transport pore. (b) Hypothetical model of the relaxosome recruited by TrwB, which in turn is attached to the type-IV translocon, allowing T-DNA transfer. (c) Hypothesis proposing that the T-strand threads through the central channel upon rearrangement of the all-α domains to enlarge the cytoplasmic entrance. In this case, ATP-mediated spinning or sequential rearrangements in the channel may allow pumping of the T-strand into the periplasm.
